A fertigation experiment was conducted during 2009/2010 and 2010/2011 seasons under commercial field conditions in Kenana Sugar Scheme, Sudan (latitude 13.10'N and longitude 32.40'E) in heavy clay soils, with 65% clay, 24% silt, 11% sand and pH 7.5 -8.5. The primary objective of this study was to compare different strategies for timing of injection, to develop management practices on the efficient use of water and fertilizers in production of sugarcane, maximize yield, and improve quality. In both seasons four treatments were studied in a randomized complete block design with three replications as: Injection of the dissolved urea (46% N) during entire irrigation time (100%), during the first half of the irrigation time, during the second half of the irrigation time, and Mechanical application of urea. The first three treatments were applied with the third irrigation cycle through the irrigation water so that nitrogen fertilizer in form of dissolved urea (46% N) was injected in irrigation water by means of pressure differential tank system which is based on the principle of a pressure differential being created by a valve and flow regulator forcing and injecting a varying amount of dissolved fertilizer into the irrigation water. In the fourth treatment the fertilizer spreader and rigid tine cultivator were used for urea application just before the third irrigation event. The reference evapotranspiration (ETo) and the amount of water required for irrigating sugarcane plants were calculated according to its phenological stages using Peman-Monteith approach. The results of this study support the general finding that the injection during the entire irrigation (100% of the irrigation) produced the best distribution uniformity of added urea. In this study, injection during the first half of the irrigation was not statistically different from injection during 100% of the irrigation.
Introduction
Sugarcane being a giant crop producing huge quantity of biomass generally demands higher amounts of nutrient elements [1] . A large number of research experiments have clearly demonstrated that for producing higher cane and sugar yields on a sustainable basis application of adequate amounts of fertilizer nutrients viz. nitrogen, phosphorous and potassium is essential. Sugarcane is a high bio-mass producer in a sense that it is one of the most photo-synthetically efficient C 4 plants. [2] reported that sugarcane can remove about 300 kg nitrogen/ha/season from the soil (126 Kg itrogen/feddan/season). [3] stated that the nitrogen requirement of sugarcane at Pongola in South Africa is greatest during the tillering (formative) phase. This is required for adequate tiller production and canopy development. Tillering in field grown sugarcane commences around 30 to 45 days after planting. Therefore, adequate N supply should be made available to the crop in the soil from the start of tillering phase. Further, [4] speculated that the crop requirement for N is higher in early grand growth period. This facilitates cane formation, checks tiller mortality and promotes cane growth. Application of more nitrogen at later phase of active crop growth period not only promotes late tiller formation, but also affects sugar recovery due to reduced juice sucrose percent, increase in soluble N in juice, water shoot formation besides attracting pests and diseases.
Application of commercial fertilizers is an economic necessity on many soils to promote crop production with nitrogen, phosphorous and potassium being the common fertilizer elements [5] . Nitrogen promotes rapid succulent growth; phosphorus gives early root growth, blooming, and resistance to pest and weather damage. Potassium lends toughness and strength and pest resistance to plants [6] .
Significant benefits from fertigation cannot be expected unless the irrigation system design is optimized to meet local soil conditions [7] and this should be the first consideration when appraising fertigation strategies for poor soils.
Fertigation using furrow irrigation is a cost-effective and simple method of applying fertilizer across the field. In the past, fertigation has been associated with micro-irrigation and sprinkler irrigation systems. Injecting nitrogen into irrigation water has become increasingly common for producers using surface irrigation. Potentially, fertigation enables surface irrigation producers a means to more readily attain recommended nitrogen management guidelines aimed at minimizing nitrogen losses from agricultural fields. Moreover, Beth and Filters [8] revealed that fertigation allows growers to apply nutrients in small amounts throughout the season in response to crop needs without the potential crop damage or soil compaction caused by machinery application methods.
The introduction of fertigation technology (combined irrigation and fertilization) in modern agriculture opened up new possibilities for optimal water and nutrient supplies to crops and maintaining the desired concentration and distribution of ions and water in the soil. Fertigation is a key factor in modern intensive irrigated agriculture and can be practices under flood, furrow, and sprinkler irrigation [9] . At the same time, the costs of chemical fertilizers have increased and there is a need to improve fertilizer use efficiency for more benefits. The best answer to this challenge is "Fertigation", where both water and fertilizers are delivered to crop simultaneously through an irrigation system. Fertigation ensures that essential nutrients are supplied precisely at the area of most intensive root activity according to the specific requirements of sugarcane crop and type of soil resulting in higher cane yields and sugar recovery.
Playán and Faci [10] stated that when applying fertilizers through a fertigation system, there are several benefits. Applications can be targeted to specific areas, less equipment is used and fertilizer is applied into the soil, where it will be most effective. This means fertilizer can be applied at a lower rate and be more efficient and inexpensive to suit the exact needs of the plant. With fertigation, compaction due to equipment travel is eliminated. Also, since heavy spreader equipment isn't needed out on the course, equipment costs are lowered drastically. The onetime cost of a fertigation system outweighs the multiple costs of spreading equipment and labour costs heavily. Not having to be out on the course also means that you can apply chemicals in conditions that would make conventional application damaging or impossible.
When fertilizing through fertigation with a well planned and monitored schedule, there is less chance of leachable nutrients not being absorbed by the plant. Usually, the application can be applied with irrigation sche-dules so that the liquid fertilizer will only penetrate the first two to three inches of the soil. If timed right, deep percolation at application time is avoided meaning less likelihood of leaching.
The chemistry of fertigation is essential factor in the success of the technique. Its scope covers interaction between fertilizers and irrigation water, behaviour in soil solution and rate of availability to plants, influence on soil structure, the compatibility of commercial fertilizers with application techniques, the composition of nutrient solutions and crop response. Most of the available studies rely on methods to assess the appropriateness of different fertigation strategies [11] . For optimization of fertilizers application, the nutrients supply will be adjusted to the specific requirements of the crop in different phonological stages of growth and development. [12] stated that modern fertigation equipment (Fertilizer injection methods) must be used and should be able to regulate quantity of fertilizer applied, duration of applications, proportion of fertilizes, and starting and finishing time.
[13] recommended that the fertilizer have to be injected at a constant rate during the entire irrigation event. This recommendation assumes that the tail water runoff will be blended with other water and reused in another field. On the other hand, [14] suggested that the fertilizer should be added during the end of the irrigation event to avoid deep penetration of fertilizers to the groundwater. Preliminary studies have indicated that the timing and duration of fertigation applications during the surface irrigation event play a critical role in determining the distribution of fertilizer in the field and the potential movement of nitrate. This is mainly significant in light of evidence that suggests that fertigation may increase rather than decrease leaching of mobile chemicals from crop root zones. [15] conducted a series of fertigation experiments and concluded that the most effective fertigation application practice is expected to be related uniquely to the furrow irrigation method. They added that the infiltration rate of the soil was the most important factor in the choice of injection strategy.
Benefits of Fertigation
Fertigation is a very efficient technique for conserving both water and nitrogen fertilizer and increasing crop production. Because fertigation offers several distinct advantages in comparison to conventional application methods which can be summarized as follow:  Distribution of plant nutrients more evenly throughout the wetted root zone resulting in increased nutrient availability and uptake contributing to higher crop growth rates and cane yields.  Application of nutrients to the soil when crop or soil conditions would otherwise prohibit entry into the field with conventional equipment.  No damage to the crop by root pruning, breakage of leaves, or bending of leaves, as occurs with conventional fertilizer application methods/equipment.  Less energy is expended in application of the fertilizer.  Usually less labour and equipment are required for application of the fertilizer and to supervise the application.
Objectives of the Study
The main objective is to develop management practices on the efficient use of water and fertilizers in production of sugar cane, maximize yield, and improve quality. The specific objectives are to: 1. Compare the conventional fertilization ( Figure 1 ) method with fertigation ( Figure 2 and Figure 3 ). 2. Provide recommendations on irrigation scheduling of gated pipe irrigation for optimal water requirements and irrigation production efficiency plus fertilizer use efficiency. 3. Generation of fertilizers formulas (fertigated) for N, P, and K associated with each method of irrigation for optimal yield and efficient fertilizer use efficiency. 4. Build up experiences and new knowledge on advanced technologies of fertigation. 5. Increase the income of sugar cane producer through reducing the input from fertilizers while increasing crop yield.
Materials and Methods

Preface
In this study urea fertilizer (46% N) is applied as a single dose just before the second irrigation. Normally, the standard practice adopted under Kenana conditions with regard to application of the nitrogen fertilizer in the form of urea (46% N) which is readily soluble in water is that; it is applied at a rate of 92 kg nitrogen/feddan (200 kg urea/feddan) in the furrows using locally fabricated fertilizer distributor. The applied fertilizer was then incorporated in the soil using rigid tine cultivator. The present study has considered nitrogen fertilizer in form of urea mainly because it is subject to a greater range of losses than either phosphorous or potassium, and therefore offers more scope for improvements in management. Urea is readily soluble in water and its solubility ratio is 119 grams per 100 grams water at a temperature 25 degrees Celsius.
Site Description
Location and Climate
A fertigation experiment was conducted during 2009/2010 and 2010/2011 seasons under commercial field conditions in Kenana Sugar Scheme, Sudan. Kenana Scheme is located on the eastern bank of the White Nile river, 300 km south of Khartoum at an altitude of 410 m above mean sea level (msl), latitude 13.10'N and longitude of 32.40'E. The climate of the locality is tropical, dry, hot semi-arid with daily mean maximum temperature of 36.4˚C and the corresponding mean minimum temperature was 20.2˚C, relative humidity at 08:00 a.m. was about 47% (Table 1(a) ). The mean annual effective rainfall as shown in Table 1 
The Soil
The soil of the area is heavy montmorillonitic clay, brown in colour, uniform and alkaline in reaction (pH ranged between 7.5 and 8.5). It is non-saline non-sodic containing about 65% clay, 24% silt and 11% sand, with very low infiltration rate (300 cm 3 •m −1
•hr −1 ). The mean values of the soil physicochemical parameters are presented in Table 2 (a) and Table 2(b).
Treatments
In both seasons four treatments were studied in a randomized complete block design with three replications as; Injection of the dissolved urea (46% N) during entire irrigation time (100%). during the first half of the irrigation time, during the second half of the irrigation time, and Mechanical application of urea using fertilizer distributor and rigid Tyne cultivator. The first three treatments were applied with the third irrigation cycle through the irrigation water.
In the present study the sugarcane cultivar (Co 6806) was planted in plots each containing 20 rows, 650 m. long and 1.5 m between ridges in a randomized complete block design with three replications. The cultivar Co 6806 which was originated in Coimbatore districts of India is considered as high quality cultivar, it performs well in all types of soil. The cultivar Co 6806 is considered as the most popular and leading commercial cultivar. Among the profitable cultivars grown, Co 6806 is now expanded over 80% of the area devoted for sugarcane plantation at the Sudanese sugar estates. It was introduced during the late seventies. In virtue of its high genetic capacity to produce high yields of cane and sugar besides its ability to resist endemic pests and diseases namely smut, it remained to be as number one across sugar estates and represents a major fruitful achievement of the sugarcane introduction strategy during the late seventies.
The cultivar Co 6806 is classified as an early season cultivar, with medium size, green in colour (Figure 4) . Generally the colour of the leaf sheath is green with pink tinge and dark green spines. The mean cane and sugar yields of the cultivar Co 6806 when harvested at the age of 12 months is about 120 ton cane/hectare and 14 ton sugar/hectare, respectively.
The application dose of urea practised under Kenana conditions and also used in the present study was 200 kg of urea/feddan (92 kg nitrogen). Phosphorus at a rate of 50 Kg TSP was added identically to all treatments. Potassium was not applied to any due to high soil K content.
During the process of fertigation technique the irrigation water from the gated pipe was applied to the field from the riser (Field Outlet Pipe) and the dissolved urea was supplied at the site and controlled with a valve connected to the fertilizer tank using water pump and fertilizer agitator. The timing and the amount of water applied and the dissolved urea together with the inflow rates were calculated and recorded every minute for each treatment as presented in Table 3 (a) and Table 3 (b) (Figure 2 and Figure 3) . Storage tank of 4000 litter capacity (with agitator and water pump) for dissolving and injection of the fertilizer into riser of the gated pipes were designed and calibrated to control the dose of fertilizer input per each treatment and the irrigation water supplied to furrows. The fertilizers were injected into the irrigation water by means of pressure differential tank system which is based on the principle of a pressure differential being created by a valve and flow regulator forcing and injecting a varying amount of dissolved fertilizer into the irrigation water (Figure 2 and Figure 3 ). Weed control in the present trials was achieved mainly through the application of a mixture of one kilogram Gesapax (Ametryne) and one kilogram Gesaprim (Atrazine) just before the second irrigation and another follow-up treatment as band application of the same chemicals and dose after hilling-up (3.5 -4 months from planting). Between the two herbicide applications, weeding before hilling-up operation was achieved by a dual purpose implement (weeder-reshaper) which control weeds and reshapes the ridges.
Satisfactory and economical control of Termite damage was achieved by the use of chlorinated hydrocarbon insecticides. This is because of the long lasting residual protection afforded by these insecticides to the sets. "Dursban 48EC" insecticide at the dosage rate of 1.0 litter product per feddan was also applied for the control of termites. Various cultural practices now in use at Kenana have appreciably decreased termites inflicted on sugarcane.
Experiment Procedures and Measurements
In the present study the reference evapotranspiration (ETo) for Kenana estate was computed (Table 1(a) ) using the FAO-Penman-Monteith method and the CROPWAT software. CROPWAT was for calculating the reference evapotranspiration (ETc in mm•day −1 ) for each month of the growing season upon entry of the required meteorological data (Monthly mean minimum and maximum temperature, relative humidity, wind speed, sunshine hours and solar radiation). Sugarcane crop coefficients (kc) for different growth stages were determined following the procedure described by [16] . Then the amounts of water required for the plant was determined as a function of the local climatic data (Table 1(b) ).
Soil samples were taken before starting the experiment and just after harvesting the sugarcane crop from the soil depths of 0 -15; 15 -30; and 30 -60 cm at furrow top, middle and the bottom third. The collected soil samples were then analyzed for nitrogen concentration after extracted with water using 10 gram of soil and 10 mL of water and the results were recorded in Table 4 . During the growing season plant leaf samples were taken from each treatment at the age of six month for the determination of nitrogen concentration ( Table 5 ). The cane was harvested at the age of 12 months and the following growth and yield parameters were determined:
(i) The stem height, (cm) from the soil surface to the top most visible dewlap was recorded in a random sample of 10 plants following the procedure described by [17] .
(ii) The stem diameter, (cm) was measured at harvest time using vernier calliper at 30 cm above the soil surface.
(iii) Cane yield and yield components were determined after harvesting the crop and the data obtained were presented in Table 7 (a) and Table 7 
(b).
Finally, the data obtained from the present study were subjected to the analysis of variance using [18] . The 
Results and Discussions
In the present study the seasonal amount of water requirements for sugarcane crop were determined as a function of the local climatic data (Table 1(b) ). The average values of the irrigation water required to satisfy the sugarcane needs based on the available information on evapotranspiration of the crop were calculated. The accurate determinations of the irrigation water required per each treatment are helpful in managing the dose of fertilizer input per each treatment and the irrigation water supplied to furrows. Accordingly, the injection rates of the dissolved urea in relation to the rate of flow of irrigation water will be defined and monitored by an injector valve. Because when fertilizing through fertigation with a well planned and monitored irrigation schedule, there is less chance of leachable nutrients not being absorbed by the plant. Then the amounts of water required for the plant.
Soil Nitrogen Distribution
The results of the average values of nitrogen concentrations of the soil samples collected and analyzed before starting the fertigation experiment indicated that the average initial soil nitrogen concentrations is about 0.06% with a range of 0.04 to 0.08%, which is considered as very low according to the broad rating of nitrogen percent in soils ( Table 6 (a)) as given by [20] . Also the results of soil samples taken just after harvesting the sugarcane crop from the soil depths of 0 -15; 15 -30; and 30 -60 cm at furrow top, middle and the bottom third were recorded and presented in Table 3 . The collected soil samples were then analyzed for nitrogen concentration after extracted with water using 10 gram of soil and 10 mL of water and the results were recorded in Table 4 . In both seasons the obtained results revealed that, following fertigation, the nitrogen concentration along the length of run was highest in the top 15 cm of soil for most treatments and decrease with depth. The present study also indicated that when the dissolved urea (46% N) was injected during the entire irrigation time (100% treatment), soil nitrogen concentrations for each soil depth in the furrow (top, middle and bottom third) were similar along the entire length of the field. Whereas, when the dissolved urea injected during the first half of the irrigation, nitrogen concentrations in the soil were higher at the lower end of the field than at the upper end. Greater total nitrogen at the lower end than at the upper end occurred because of the longer infiltration opportunity time of nitrogen-amended water at the lower end. Soil nitrogen concentrations along the furrows where nitrogen injection was made during the last half of the irrigation were higher at the head end of the field, with almost no nitrogen at the lower end of the field. This is due to the early rapid infiltration of un-amended water in the furrows at the upper end of the field. Injection during the last half of the irrigation resulted in little total nitrogen at the tail end of the field and the largest accumulation of total nitrogen at the head end of the field. [21] using similar treatments for level furrows, found similar results and concluded that injection of nitrogen concentrations during the entire irrigation time of level Table 6 . (a) Explains the broad rating of nitrogen percent in soils as given by (Landon, 2014)*; (b) The rating of sugarcane leaf total nitrogen percent as given by the Agricultural Extension of Florida, USA. furrows also produced the highest uniformity for nitrogen concentrations, but that injection during the first half of the irrigation time was the next best option. [22] also found that injection during last half of the irrigation produced significantly lower uniformity than injection during the entire irrigation or first half. With respect to the mechanical application of urea using fertilizer distributor and rigid Tyne cultivator (conventional method), fertiliser was first broadcasted and then incorporated in the furrows. Due to root pruning, fertiliser incorporated in the furrows, away from the sides of the ridges, would not be easily accessible to the roots of the ratoon cane. Additionally, it was observed that the rigid Tyne cultivator did not completely cover the broadcasted fertilisers (Figure 4) and that would eventually lead to loss of urea through volatilization. Moreover, it was also observed that during broadcasting, fertiliser was sometimes drifted to the top of cane rows, where they could not be incorporated and thus provided an additional source for losing urea to the atmosphere. Accordingly, very poor nitrogen use efficiency was obtained that resulted in lower yield and yield components (Table 7(a) and Table 7 (b)). [23] revealed that adoption of proper method of fertiliser application is essential to minimize nutrient losses from the soil and for increasing fertiliser use efficiency. According to [24] fertilisers should be placed close to the root zone to enable the roots to derive its benefit immediately. Beside increasing cane yield, proper placement also reduces volatilization losses of nitrogenous fertilisers. [25] mentioned that when applied to the soil, urea [CO(NH 2 ) 2 ] is converted to ammonia (NH 3 ) by an enzyme called urease, then to ammonium (NH 4 ). If that reaction occurs at the soil surface, some of the nitrogen will be lost to the atmosphere. However, if it occurs in soil the ammonia will convert to ammonium and will be held by the clay particles.
Leaf Nitrogen Distribution
Results of the present study indicated that improvement in leaf nitrogen due to continuous injection of urea were better in both seasons and significantly (P < 0.05) increase yield and yield components due to that continuous injection of nitrogen fertilizer satisfy the nitrogen demand of sugarcane crop leading to better uptake of the dissolved nitrogen fertilizer than the other treatments ( Table 5) , whereas the mechanical application approach leading to the worst nitrogen uptake.
In both seasons the results of plant leaf analysis data were then compared with the international references mainly, the rating of sugarcane leaf total nitrogen percent as given by the Agricultural Extension of Florida, USA (Table 6(b) ).
Stem Height and Diameter (cm)
Data on the effect of different fertigation strategies on stem height are given in Table 6 (a) and Table 6 (b). In both seasons the results show that, continuous injection of urea significantly (P < 0.05) increase stalk height as compared to the other diameter (Table 7(a) and Table 7 (b)) showed that the different treatments had no significant effect on stem diameter in both seasons. The insignificant reduction in stem diameter associated with mechanical application of urea (in both seasons) may be due to the fact that the crop was grown under deficit nitrogen conditions that restricted stem thickness. These parameters were believed to be the first to be affected by nitrogen stress on treatments. However, mechanical urea application produced the poorest stalk height, because the crop nitrogen requirement was not satisfied. The effect of different fertigation strategies on stem the other hand, the highest values of stem diameter occurred in plants fertigated at 100% irrigation time.
Cane Yield
Cane yield and yield components were determined after harvesting the crop and the data obtained were presented in Table 7 (a) and Table 7 (b). Results obtained indicated that in both seasons continuous injection of the dissolved urea (46% N) during the entire irrigation time (100%), significantly (P < 0.05) increased the average cane yield (ton/feddan), whereas the lowest cane yield was recorded when urea was applied mechanically. The increase in cane yield and yield components with the continuous injection of the dissolved urea as compared to the other treatments could be because of a more uniform water distribution during the whole irrigation time resulting in an improved distribution of the fertilizer.
Conclusions
Following the evidence presented in this paper, the following conclusions are proposed:
When the dissolved urea was injected during the entire irrigation time, soil nitrogen concentrations for each soil depth in the furrow (top, middle and bottom third) were similar along the entire length of the field. Nevertheless, when the dissolved urea was injected during the first half of the irrigation, nitrogen concentrations in the soil were higher at the lower end of the field than at the upper end because of the longer infiltration opportunity time of nitrogen-amended water at the lower end. Soil nitrogen concentrations along the furrows where nitrogen injection was made during the last half of the irrigation were higher at the head end of the field, with almost no nitrogen at the lower end of the field. This is due to the early rapid infiltration of un-amended water in the furrows at the upper end of the field. Injection during the last half of the irrigation resulted in little total nitrogen at the tail end of the field and the largest accumulation of total nitrogen at the head end of the field.
Also it is concluded that continuous injection of the dissolved urea during the entire irrigation time produced the best distribution uniformity of added nitrogen and increase in the plant height, diameter and cane yield, whereas injection of the dissolved urea during the first half of the irrigation time was the next. However, these differences were only significant when comparing the mechanical application of urea with fertigation treatments. It worth emphasizing that the differences were not significant between the three fertigation treatments. Additional field studies are needed with different operational conditions to develop more complete guidelines for fertigation using gated-pipe furrow irrigation system.
Recommendations
Based on two season's results the author recommends that, regulation of the injection of fertilizer to match the flow of irrigation water is so precise that application rates are substantially lowered. Accordingly, fertilization of the sugarcane crop (ratoons) should be carried out via fertigation strategy mainly through injection of the dissolved urea (46% N) during the entire irrigation time (100% treatment). Because this treatment produced the best distribution uniformity of added nitrogen compared to the injection during the first or the second half of the Area fertilized per day Depend on the area to be irrigated/day Using fertilizer applicator, only 100 feddan/10 hours a day.
Tractor horsepower required for application of the fertilizer.
Lowest fuel consumption and energy were required only to transport the fertilizer storage tank once. Fertigation leads to saving of tractor horse-power and operation cost and time.
Broadcasting of fertilizers in separate operations represented an inefficient use of tractor power and time.
The broadcasters required only partial power to operate the metering mechanism (0.05 kW). The weight of filled fertiliser hoppers added 1.68 kW to the rolling resistance of the tractor. Maximum power for a broadcaster was therefore around 1.73 kW. This almost means that the power of the tractor was only utilized to transport itself across the field.
Incorporation and covering of the applied fertilizer
This operation is not required accordingly, more energy and power were saved.
